Abstract: Unusual mafic dykes occur in the proximity of the Ambadongar Carbonatite Complex, Lower Narmada Valley, Gujarat, India. The dykes contain dense population of quartz xenocrysts within the basaltic matrix metasomatised by carbonate-rich fluids. Plagioclase feldspars, relict pyroxenes, chlorite, barite, rutile, magnetite, Fe-Ti oxides and glass were identified in the basaltic matrix. Quartz xenocrysts occur in various shapes and sizes and form an intricate growth pattern with carbonates. The xenocrysts are fractured and contain several types of primary and secondary, single phase and two-phase fluid inclusions. The two-phase inclusions are dominated by aqueous liquid, whereas the monophase inclusions are composed of carbonic gas and the aqueous inclusions homogenize to liquid between 226 ∘ C and 361 ∘ C. Majority of the inclusions are secondary in origin and are therefore unrelated to the crystallization of quartz. Moreover, the inclusions have mixed carbonic-aqueous compositions that inhibit their direct correlation with the crustal or mantle fluids. The composition of dilute CO 2 -rich fluids observed in the quartz xenocrysts appear similar to those exsolved during the final stages of evolution of the Amba Dongar carbonatites. However, the carbonates are devoid of fluid inclusions and therefore their genetic relation with the quartz xenocrysts cannot be established.
Introduction
Quartz xenocrysts are known to occur within basaltic magma. Reports describe spectacular reaction rims with the host basalt, corrosion of xenocrysts accompanied by crystallization of spinels, and occasional replacement of quartz by orthoclase [1, 2] . It has been observed that quartz is more resistant to dissolution in mafic rocks compared to alkali feldspars, and that some quartz xenocrysts are in fact restites formed by dissolution of granitic xenoliths [2] . In this paper, we report on the occurrence of quartz xenocryst-laden mafic dykes, which contain dense population of xenocrysts of variable shapes and sizes within the basaltic matrix. In addition, these dykes have been infested by carbonate-rich fluids, which gave rise to a network of carbonate microveins surrounding also the quartz fragments. The final product of the metasomatism is a composite rock with quartz, carbonates, plagioclase and mafic minerals embedded within a glassy matrix. The formation of this composite rock is clearly a result of multiple processes that need be understood through various approaches. One such approach is the study of the nature of fluids trapped within the xenocrysts, since the fluid and melt inclusions are important indicators of magmatic crystallization, differentiation and ore-genesis [3] [4] [5] [6] . Similarly, fluid inclusions in minerals contain evidence of the volatile phases exsolved during evolution and emplacement of magma. The fluid inclusion study is essentially important also to deciphering origins of carbonatite-alkaline complexes [5, 7, 8] .
Geological Background
A small conical hillock near Rorda village (N22 ∘ 07.890'; E74 ∘ 04.267') hosts an unusual mafic dyke that contains quartz xenocrysts embedded within a fine-grained glassy groundmass ( Figure 1, Figure 2a ). The surrounding area comprises basaltic lava flows intruded by alkalinecarbonatite-lamprophyre dykes and sills. This area is in close proximity to the Amba Dongar carbonatite breccia diatreme, which is a part of the Chhota Udaipur alkalinecarbonatite complex [9] [10] [11] [12] [13] . Three quartz xenocrysts-bearing dykes have been found in the area. The first one (KR/183) is located near Rorda village, having an exposed width of about 20-25 meters and length of about 60 meters, following the NW-SE trend of adjacent dykes in the area (Figure 1 ). Parallel to this, a second small dyke (KR/186) is also present. Another outcrop of quartz xenocrysts-bearing mafic dyke is located near Samalawat (N22 ∘ 05.586'; E74 ∘ 07.261'), which is a small exposure of about 20 × 10 × 5 meters dimension. Yellowishochre limonite stains are typical of all outcrops (Figure 2b ).
Sample description
The dykes reported here differ considerably from the intrusive rocks of the Amba Dongar and surrounding areas. Earlier workers have observed several outcrops containing abundant xenoliths and xenocrysts of country rocks; a few of them were comprised of pure quartz xenocrysts set in the carbonate-rich matrix. Feldspathization of quartz is commonly noticed. However, these outcrops were considered to be carbonatite breccias [14] [15] [16] [17] [18] [19] [20] . The outcrops near Rorda discussed here are also marked as carbonatite breccias, which is not surprising, because texture of these dykes can be easily confused with either carbonatite breccias [11, 16, 21] or with the basalts containing giant plagioclase phenocrysts [22] , both of which occur profusely in and around the area studied. Innumerable quartz crystals and fragments ranging in size from less than a centimeter to more than 20 centimeters in length occur within fine-grained basaltic groundmass. The xenocrysts acquire needle-like, bladed, elongated, tabular, squared, rounded, hexagonal or irregular shapes (Figure 2b) . Large crystals are often fractured and penetrated by the groundmass material. A subtle reaction rim composed of brown silicate glass and carbonates exists between quartz xenocrysts and the surrounding magma. Most xenocrysts are irregular due to extensive corrosion by basaltic magma and also by carbonate-rich fluids. However, some quartz xenocrysts are angular. Larger quartz crystals are fragmented by the magma (Figure 2c ). Detached fragments are partially assimilated within the groundmass. Micrometer-sized fractures within xenocrysts are oriented, branched, or irregular, forming an interconnected network. The healed fractures contain innumerable fluid inclusions, the majority of which follow prevailing fracture directions. Isolated inclusions unrelated to any fracture are also present.
Carbonates form a network of veins and occupy all available intergranular spaces. Small carbonate lenses are often zoned ( Figure 2d ). Plagioclase is mostly confined to groundmass, but it also occurs as phenocrysts (Figure 2d ). Yellowish-green chlorites are common in the matrix. Magnetite, ilmenite and rutile are prominent opaque minerals. Apatite and barite occur in small amounts in the proximity of carbonate veinlets. Petrographic study of thin sections revealed monophase gaseous and two-phase aqueous inclusions with variable phase ratios (liquid to vapor/liquid ratio between 0.3 and 0.9). The inclusions varied in size from 0.5 to to 10 µm. Oval, spherical, rounded, irregular and negative crystal shapes were observed. Both monophase and two-phase inclusions occur as secondary and primary types. Secondary inclusions arranged along trails are usually smaller than primary ones, occurring as isolated and unrelated to any healed fracture (Figure 3a , b).
Analytical Techniques
Petrographic observations were carried out using a Nikon 50i POL microscope at the Post Graduate Department of Geology, RTM Nagpur University. Fluid inclusion microthermometry was carried out on doubly polished wafers, 0. PLanFI 100×0.8 objective was used to focus the laser beam and to collect the scattered light with a Peltier-cooled (-70 ∘ C), multichannel Synapse CCD detector (1024×256 pixels) at spectral resolution of 0.4 cm per pixel with 1800 gr/mm grating. Positions of the Raman bands were controlled using the Rayleigh scattering line of the laser and principal line of silica at 520.7 cm −1 . Deconvolution of Raman spectra of gaseous inclusions (2 accumulations, 20 sec. each) was made using mixed Gauss-Lorentzian function included in the Labspec5 software from Horiba. Molar fractions of gas species were calculated from peak areas, and from relative Raman cross-sections using equations compiled by [23] and [24] . Detection limits were better than 0.1 mol. %.
Fluid inclusion microthermometry and Raman spectroscopy
Homogenization temperatures of aqueous inclusions varied from 226 to 362 ∘ C (average 334 ∘ C). Tmice values from -0.5 to -2 ∘ C corresponded to salinities from 0.9 to 3.4 wt.% NaCl eq. (Figure 4 ). The initial ice melting temperatures ranged from -46 ∘ C to -34 ∘ C with an average of -41 ∘ C, indicating NaCl as the major component in the aqueous fluid system, accompanied by an additional chloride of a divalent cation. The minimum Te value of -46 ∘ C was close to the eutectic point of the CaCl 2 -H 2 O system located at -49.8 ∘ C. In contrast, the maximum Te value of around -34 ∘ C would correspond to that of an aqueous system containing NaCl, MgCl 2 and/or FeCl 2 [20, 25] . Most aqueous inclusions contain a CO 2 -rich gas, which converts to CO 2 -solid at temperatures below -90 ∘ C. On heating, the CO 2 solid melts and reacts with the aqueous liquid to CO 2 -clathrate. Due to minute dimensions, temperatures of the clathrate melting could not be precisely measured.
TmCO 2 values between -55 and -59 ∘ C indicate CO 2 -dominated gas in aqueous inclusions as well as in monophase gaseous inclusions. This was confirmed by Raman spectroscopy, which revealed only a minor admixture of N 2 (<0.4 mol. %) and CH 4 (<0.3 mol. %), apart from the dominant CO 2 ( Figure 5 ). Pure CO 2 gas without additional gas components occurs in some aqueous inclusions. CO 2 densities calculated from the distance between the 1386 and 1282 cm −1 bands of the CO 2 Fermi dyad [26] corresponded to 0.3 g/cm 3 in carbonic phase of an aqueous : Salinity-temperature-density plot with the measured microthermometric data from aqueous liquid-dominated inclusions (diamonds). Iso-density curves (g/cm 3 ) of vapor-saturated H 2 ONaCl solutions were calculated according to [25] , the critical curve is from [39] , the vapor-saturated halite liquidus is after [40] .
inclusion, and to 0.94-0.98 g/cm 3 in primary monophase gaseous inclusions (3 measurements).
Discussion
Dykes carrying xenoliths are scarce in the Deccan Traps, however there are known occurrences of xenoliths of crustal rocks such as quartzite, rhyolite, granite, granodiorite, sandstone, calcareous rock, syenite [27, 28] ; as well as mantle-derived rocks such as pyroxenites and peridotite [29] . The dykes carrying quartz-rich xenoliths include granite-quartzite rafts at Mandaleshwar [30, 31] ; granitic and rhyolitic xenoliths near Ahmednagar [32] ; lower crustal mafic and felsic granulite xenoliths at Murud-Janjira [29] ; quartz-alkali feldspar-dolomite-bearing partially associated xenoliths southwest of Mahabaleshwar [33] ; quartz-alkali feldspar-bearing xenoliths at Susanne [34] ; gneisses, quartzites, granite mylonite, felsic granulite, carbonate rock and tuff in the Rajmane and Talwade dykes [35] and quartzofeldspathic xenoliths within lamprophyres and picrobasalts in the proximity of the study area [13] . Although quartz-rich and quartzite xenoliths are not uncommon within the Deccan Traps, presently reported dykes are distinguished by (i) their overwhelming abundance, (ii) their "monolithic" nature Band assignment of CO 2 is according to [41] .
(only one type of xenoliths), and (iii) their pervasive carbonate metasomatism. This fluid inclusion study did not shed much light on the origin of quartz xenocrysts. Primary, high density CO 2 -rich inclusions with minor amounts of nitrogen and methane are similar to those found in lower crustal metamorphic rocks, particularly granulites (e.g. [36] and references therein). The increased temperature of crystallization of quartz xenocrysts studied is further indirectly supported by high laser-induced fluorescence, which often precludes Raman spectroscopic investigation of inclusions. The increased fluorescence typical for magmatic and metamorphic quartz is probably a consequence of an increased Ti content. In this case, the quartz xenocrysts would represent fragmented quartzite or quartz veins entrained in the basaltic magma. This model, however, suffers a major drawback by the fact that there is a plethora of older igneous (pegmatites and dolerites), metamorphic (Precambrian Aravalli Supergroup comprising quartzites, quartz mica schists, granitic gneisses, etc.) and sedimentary (Cretaceous Bagh beds -sandstones and limestones) rocks in the study area, whose fragments are absent in the studied mafic dykes. Selective escalation of low density quartz fragments by the uprising magma is one possible explanation. For example quartz grains found in the basalts of southern Sierra Nevada suggested mechanical contamination of a basaltic magma by granodiorite or granite xenoliths [1] . Possible mechanisms for selective incorporation of quartz xenoliths such as (i) residues after alteration of very small granodiorite xenoliths introduced late in the magmatic history or from larger xenoliths introduced at an earlier stage, (ii) products of mechanical fragmentation of larger quartz-rich or pure quartz masses; were quoted in the defense [1] . Most inclusions in quartz xenocrysts are secondary in origin, and are thus unrelated to the crystallization of host quartz. These inclusions have mixed carbonic-aqueous compositions and cannot be thus correlated with lower crustal or mantle fluids. Variable liquid-to-vapor ratios suggest entrapment of a heterogeneous fluid at relatively low-pressure conditions. In case of the heterogeneous trapping, the minimum homogenization temperatures, i.e. around 300-330 ∘ C, or even lower, would be plausible estimate of possible trapping temperatures. These temperatures are within the range of ∼250-500 ∘ C estimated based on calcite-dolomite solvus thermometry for Panwad-Kawant and Amba Dongar carbonatites [37] . The composition of the dilute CO 2 -rich aqueous fluids observed in quartz xenocrysts is roughly similar to those exsolved during final stages of evolution of the Amba Dongar carbonatites [38] . Extensive carbonatite metasomatism is clearly visible in the sample studied; however, since the carbonates are devoid of fluid inclusions, their genetic relationship with the secondary inclusions in quartz is uncertain. 
